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Abstract 
Thermal cycles during laser cladding can alter mechanical properties of the original part significantly. In case of cyclically loaded 
parts residual stresses are suspected to be a property strongly determining fatigue life. Therefore, in this paper the influence of 
processing and post-processing strategies on resulting residual stresses are determined by neutron-diffraction. A low-alloy as well 
as a high-alloy steel have been considered within this study, both cladded with the Co-based superalloy Stellite 21. Processing 
speed and post-treatment by laser annealing and by deep rolling strategies have been tested. Residual stresses in low-alloyed steel 
show high sensitivity on applied treatment strategies. In the present study only deep rolling induced compressive residual stress 
close to the part surface. In high-alloy steel compressive stress in this area resulted directly after laser cladding, where its 
magnitude depends on processing speed. A compressive residual stress state which is suspected to be beneficial for fatigue 
strength could be achieved at the two representative steels. 
 
© 2014 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Laser cladding has been established in industry over the past decades as described by Beyer and Wissenbach 
(1998). Still, the influence of laser processing conditions on the fatigue strength of the cladded part is not fully 
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understood, which limits its applicability for cyclically loaded components. Depending on the combination of 
cladding and base material a significant drop as shown by Whitney (2000) as well as a retaining or even exceeding 
of original fatigue strength as shown by Niederhauser and Karlsson (2003) can be observed. The influence of laser 
cladding on the fatigue strength of the representative combinations of hardenable steel 42CrMo4 (AISI 4140) and 
austenitic steel X5CrNi18-10 (AISI 304), both cladded with the Co-based alloy Stellite 21, was presented by 
Koehler et al. (2012). Fatigue strength of austenitic steel was retained nearly fully with a drop of fatigue strength of 
only 2.6% to 9.3%. On the other hand hardenable steel showed a drop of fatigue strength of 60.6% to 69.9% 
compared to the original substrate material. The latter could be shown for standard test specimen by Koehler et al. 
(2012-a) as well as for complete components on the example of marine crankshafts by Koehler et al. (2011). 
In order to determine the role of residual stresses, neutron diffraction analyses of the respective laser cladded 
standard test specimen were performed by Koehler et al. (2012-b). Apparently, high tensile residual stresses 
determined close to the interface of steel 42CrMo4 and Stellite 21 lead to a significantly lower load level bearable by 
the respective specimen. Contrarily, compressive residual stresses determined close to the interface of cladded steel 
X5CrNi18-10 lead to a retaining of original fatigue strength. 
Experimental investigations of residual stresses as executed by Nady et al. (2008) for the plasma transfer arc 
process of Stellite 6 on steel indicated that low residual stresses within the cladding and high compressive stresses 
close to the interface of cladding and base material are to be expected. Numerical approaches as for example given 
by Brueckner (2011) for inductively supported laser cladding facilitate the understanding of effects of process 
parameters as well as in situ or post treatment steps on residual stresses. Within the investigations presented in this 
study it was to be determined to what extend process parameters as well as thermal and mechanical post-processing 
steps can be utilized to induce a residual stress situation in hardenable steel 42CrMo4 with only low tensile to rather 
compressive residual stresses close to the parts’ surfaces. 
2. Materials and Geometries 
The geometry of the investigated specimens is shown in figure 1 and corresponds to cyclic bending test standards 
(i.e. DIN EN ISO 50125). The centered, waisted section was machined by turning. The parallel clamping surfaces 
on the outer of the specimen were machined by milling. Figure 1c gives the positions of neutron diffraction 
measurements within the specimen volume. Prior to cladding the base materials had a diameter of about 10.4 mm. 
After cladding these were above 12 mm and have been ground to 12 mm in the specimen center. 
 
   (a)  (b)  (c) 
   BIAS ID 141576 
Fig. 1. (a) view along longitudinal axis; (b) side view with initial diameter d1 and after laser cladding and grinding with d2; (c) positions of 
neutron diffraction measurements (A: process start, B: end), cladding direction from left to right, diffraction measurement into the three principal 
axes. 
     Table 1. Chemical composition of examined materials in mass-%. 
Element C Si Mn P S Cr Mo Al Fe W B Ni Co Others 
X5CrNi18-10 0.044 0.044 1.71 0.035 0.008 18.08 0.28 - bal. - - 8.08 - 0.664 
42CrMo4 0.435 0.23 0.83 0.014 0.026 0.96 0.17 0.023 bal. - - - - - 
Stellite 21 0.23 0.2 0.6 - - 26.8 5.8 - 0.8 <0.01 0.002 3.3 bal. 0.41 
 
Austenitic, high alloyed steel X5CrNi18-10 as well as the hardenable, low alloyed steel 42CrMo4 were used as 
substrate materials. The material’s initial condition was tempered to 350 HV by hardening and subsequent 
tempering. The Co-based super alloy Deloro Stellite 21 was used as cladding material. The spherical particle size 
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distribution was between 15 μm and 45 μm. The chemical compositions of substrates and cladding material are 
given in table 1. 
3. Experimental Approach 
3.1. Process Set-Up 
A Trumpf HL 4006D Nd:YAG laser was used as heat source. Cladding material was delivered by the powder 
feeding machine GTV PF 2/2 and was directed coaxially into the process zone by the Precitec processing head 
YC50. For beam guiding a 600 μm fibre was used. The collimation and focusing lens both had a focal length of 
200 mm leading to an imaging of the fibre end in the ratio 1:1. A top-hat shaped power density distribution resulted 
in the focal position. The cladding process was closed-loop controlled on basis of pyrometric measurements in the 
melt pool center with an Impac Infrared IGAR 12 LO pyrometer. The pyrometer was attached to the process head in 
a way that the measured spot was aligned coaxially to the laser beam. Temperature control on basis of the 
pyrometric measurement was realized by a National Instruments compact RIO 9073 micro controller on basis of a PI 
algorithm. Resulting temperature distributions have been recorded emissivity compensated by the IMS CHIPS Q-
Pyrocam within a calibrated span of 650 °C to 1900 °C as reported by Koehler et al. (2013). The detector was 
positioned laterally towards the process.  
Mechanical post-processing by deep-rolling was executed with the hydrostatic rolling tool HG6 of Ecoroll 
GmbH, Celle, Germany. Within this process a ball-shaped counter-body with a diameter of 6 mm was pressed 
against the work-piece at a constant force. 
3.2. Processing Strategies 
The influence of conventional laser cladding process parameters (laser power of about 1 kW and a feed velocity 
of 1 m/min) on resulting residual stresses induced in the widely applied material combinations were to be 
investigated. Furthermore, in order to determine the influence of reduced heat effect on the processed parts on 
residual stresses, elevated process speeds were considered within the presented study. To evaluate the role of 
temperature control on induced stresses a parameter set with fixed power derived from temperature controlled 
cladding was to be investigated. Preliminary investigations proved that the heat affected zone in steel 42CrMo4 
shows high tensile residual stresses. With the aim to reduce the stress amplitude in this area subsequent annealing by 
laser heat treatment was to be investigated. To realize a residual stress situation that is beneficial for fatigue strength 
a variety of mechanical approaches exist. Within the presented study mechanical deep rolling was chosen to shift the 
stress situation close to the specimen surface towards compressive residual stress. 
Laser cladding at conventional speed (1 m/min) was executed with a track offset of 0.8 mm, a powder carrier gas 
flow of 7.5 l/min, a coaxial shielding gas flow of 7 l/min and an additional shielding gas flow through the powder 
line within the processing head of 14 l/min. For elevated speed (4 m/min) these were set to 1.4 mm, 10 l/min, 
20 l/min and 27 l/min respectively. For all cladding approaches a spot diameter of 2.5 mm was chosen. For the 
cladding approaches a constant distance of nozzle edge to specimen surface of 11.5 mm was applied. In order to 
ensure a constant relative velocity between heat source and part surface, the applied rotational axis was controlled in 
its rotational speed according to the current axial position along the waisted specimen contour. For deep rolling a 
force of 1 kN, an axial feed velocity of 0.1 m/min and a constant rotational speed of 730 rotations per minute was 
applied. The laser cladding parameters and post-processing methods and parameters given in table 2 were applied on 
the geometry given in figure 1. For laser annealing it was ensured that remelting of the surface was prevented. 
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Table 2. Laser cladding parameters for the cladding of respective base materials with Stellite 21 and post-processing methods. 
Base material No. Velocity (m/min) Set-Temperature (°C) Set-Power (W) Powder Feed Rate (g/min) Post-Processing 
X5CrNi18-10 AISI 304-1 1 1650 - 15  
AISI 304-4 4 1800 - 34  
42CrMo4 
AISI 4140-1 1 1650 - 15  
AISI 4140-4 4 1800 - 34  
AISI 4140-4CP 4 - 3850 34  
AISI 4140-04AN 0.4 1050 - - Laser-Annealed* 
AISI 4140-4DR 4 1800 - 34 Deep-Rolled** 
* spot-diameter 5 mm, track offset 2.5 mm; before annealing the parameter set of AISI 4140-4 was applied; grinding after the annealing step 
** hydrostatic contact force of 1 kN; grinding before deep-rolling step 
3.3. Residual Stress Measurement 
The neutron diffraction measurements were made on the STRESS-SPEC strain scanning instrument at the FRM II 
neutron source in Garching, Germany. This diffractometer is optimized for texture and residual stress analysis as 
described by Hofmann et al. (2006). A bent silicon Si (400) monochromator was set at a take off angle 2șM = 75.84°, 
which provides a wavelength around 1.669 A. A position sensitive detector (PSD) area detector of 30 x 30 cm2 
collected the diffracted radiation. The measurements were performed around the scattering angles of 2șS Ĭ 90.6° for 
the ferrite {211} Fe-D line and of 2șS Ĭ 100.6° for the austenite {311} Fe-J line. A gauge volume of 1 x 3 mm2 was 
defined by the primary slit and a radial collimator with full width at half maximum (FWHM) of 1 mm was used at 
the diffracted beam when the radial and tangential directions were measured. The axial direction was measured using 
a gauge volume of 1 x 1 x 1 mm3 and doing oscillations of 3 mm during the measurement within the axial direction. 
Residual stresses in the considered directions are calculated by Eq. 1:  
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where Vi, Hi are the principal stress and strains, and Ehkl and Qhkl the Young’s modulus and Poisson’s ratio for the 
direction perpendicular to the {hkl} diffraction planes. Young’s moduli and Poisson ratio of these planes are  
175 MPa and 0.31 for the {311} Fe-J line and 220 MPa and 0.28 for the {211} Fe-D line as summarized by 
Eigenmann and Macherauch (1996). Stress-free reference cylinders with 5 mm diameter were cut out of the center 
position of each specimen type and measurements at the same depths as at the samples under study were carried out. 
From preliminary investigations it was known that due to strong texture within the dendritic grain of the 
Stellite 21 cladding no residual stress could be determined here. To estimate the mean stress in the three principal 
axes within the cladding, the conservation of momentum within the single planes within core and cladding was 
considered. By building the difference between zero and the integral of the residual stress measured in the respective 
principal axis, the mean value of residual stress within the cladding was estimated. 
4. Experimental Results 
4.1. Transient Peak Temperatures and Temperature Fields 
In case of cladding at a controlled peak temperature the laser power was adapted transiently by the applied micro 
controller. For constant power cladding the mean power adjusted by the controller was applied and the temperature 
feedback was recorded. Figure 2 shows the applied laser power and resulting temperature resolved on the respective 
position along the process trajectory. Depending on the process strategy different feed velocities and track overlaps 
were to be applied that resulted in different track lengths as given on the x-axes in figure 2.  
Figure 2a and c show power and temperature in consequence of controlled temperature cladding of the 
considered steels at moderate speed. Figure 2b and d on the other hand show these variables during elevated speed 
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cladding. For these approaches the set temperature was achieved within a noise band of about +/- 25 K. After 
starting with an elevated power the micro controller reduced the laser power towards the specimen center. Towards 
the end of the trajectory laser power was increased. To reach similar transient peak temperatures at a feed velocity of 
4 m/min compared to 1 m/min a laser power of about a factor of 3.5 was set by the controller. Qualitatively, the 
cladding processes of both steel grades result in similar transient power values. Within the diagram of higher feed 
velocity, sporadic fluctuations especially in the last quarter of the cladding process are observable. In the transition 
from curved to the cylindrical specimen center on both sides of the specimen high power gradients compared to 
cladding with 1 m/min were controlled to provide a constant temperature along the track length.  
Figure 2e shows the temperature feedback resulting from constant power cladding. The mean power value that 
resulted from temperature control at the outer quarters of the specimen shown in figure 2d was applied for the 
complete trajectory. It can be observed that the temperature at start and end accounts to about 1800 °C 
corresponding to the temperature controlled approach in figure 2d. Within the specimen center the temperature 
increases to up to 2000 °C.  
Parameter studies to realizing the annealing of the heat affected zone of cladded steel 42CrMo4 resulted in a set-
temperature of 1050 °C and a feed velocity of 0.4 m/min at a spot size of about 5 mm on the specimen surface. 
Figure 2f proves that the set-temperature was achieved along the complete trajectory. Qualitatively, the power curve 
shows a similar developing as observed during cladding at 1 m/min. The power level in the center part of the 
specimen accounts to about 500 W. Fluctuations of the power and temperature can be observed towards the rear 
quarter of the trajectory. 
Figure 3 shows a representative scene during the laser cladding process taken by the HDR sensor of the  
Q-Pyrocam. The likewise representative evaluated temperature distribution of the same scene is shown in the false 
color image cut-out. On the point of incidence of the laser beam the calibrated maximum temperature of 1900 °C is 
detected. The trailing temperature distribution on the surface of the round specimen can clearly be distinguished 
from heat radiation reflected and scattered on surrounding powder, gas and part surfaces. 
Representative temperature distributions evaluated of the respective processing strategies are given in figure 4. 
The images were measured at the specimens’ center position. In the upper part of the respective images the process 
zone can be identified. Here, highest temperatures can be evaluated ranging up to the upper calibration limit of the 
Pyrocam and thus exceeding the temperatures detected by the pyrometer. Below the process zone the temperature 
gradient of the cooling process is visible. In general, at high process speed and high laser power, the amount of heat 
radiation scattered and reflected on surrounding objects increases compared to low process speed and lower laser 
power. The comparison of steel X5CrNi18-10 and 42CrMo4 in figure4a and c at moderate speed as well as figure 4b 
and d at elevated speed reveals that highly similar temperature distributions result at the respective velocities. 
Despite identical laser powers were applied for cladding of both steels with 1 m/min, the cooling process evaluated 
in steel X5CrNi18-10 is slower than in low-alloy steel 42CrMo4. Contrary, at a speed of 4 m/min the high-alloy 
steel cools down faster than the low-alloy steel. The constant laser power cladding of steel 42CrMo4 shown in 
figure 4e shows wider isotherms than the temperature controlled type in figure 4d. The temperature gradient along 
the trajectory on the other hand appears to be highly comparable. In the thermal image of the annealing process the 
single cladding tracks can be identified. Obviously, heat couples in and accumulates especially at the tips of the 
respective tracks. Against the pyrometric detection temperatures locally reach the upper calibration limit of 1900 °C. 
Compared to the width of the heat impact a comparatively short temperature trail can be identified.  
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 a) AISI 304-1 (1 m/min)  b) AISI 4140-1 (1 m/min)   c) AISI 4140-04AN (0.4 m/min) 
         
 d) AISI 304-4 (4 m/min)  e) AISI 4140-4 (4 m/min)   f) AISI 4140-4CP (4 m/min) 
         
Fig. 2. Transient laser power and melt pool peak temperatures, materials and parameters of (a) to (f) according to table 2. 
        BIAS ID 141578 
Fig. 3. HDR-image of the Q-Pyrocam of the laser cladding process and exemplary temperature distribution. 
4.2. Metallographic analysis 
Cross sections along the longitudinal specimen axis of the processed specimen can be found in figure 5a to f. As 
processing results were symmetric over the specimen center, only the upper specimen half is shown. In all cross 
sections the base material was etched whereas the cladding remained unetched. The results from moderate cladding 
speed are depicted in figure 5a for steel X5CrNi18-10 and in figure 5c for steel 42CrMo4. Cladding height, dilution 
depth and cladding quality are highly comparable. Neither macroscopic cracks nor pores can be found. In the low-
alloy steel in figure 5c the heat affected zone can be clearly distinguished from the unaffected base material, which 
increases in depth towards the specimen center and covers its whole diameter. At elevated speed less dilution and a 
lower cladding height can be evaluated on both substrates, 5b and 5d. Minor pores can be observed at the interface 
of base and cladding material, especially in the curved part of the waist. The heat affected zone of 42CrMo4 cladded 
with 4 m/min shows a significantly flatter heat affected zone, 5d, than the type cladded with 1 m/min shown in 
figure 5c. On the other hand at a feed velocity of 4 m/min but constant laser power of 3850 W the heat affected zone 
shown in figure 5e results in a similar distribution as observed at 1 m/min shown in figure 5c. From figure 5f it can 
be identified that the heat affected zone shown in figure 5d was reduced by the annealing by the temperature 
controlled laser annealing approach.  
BIAS ID 141577
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   (a)  (b) (c)   (d)  (e)  (f) 
    BIAS ID 141579 
   
Fig. 4. Temperature distribution during temperature controlled laser cladding with Stellite 21 of (a) steel X5CrNi18-10 at 1 m/min; (b) steel 
X5CrNi18-10 at 4 m/min; (c) steel 42CrMo4 at 1 m/min; (d) steel 42CrMo4 at 4 m/min; (e) steel 42CrMo4 at 4 m/min and fixed laser power;  
(f) annealing of steel 42CrMo4 at 0.4 m/min; temperature legend as given in figure 3. 
4.3. Residual stress 
Laser cladding of high-alloy steel X5CrNi18-10 with Stellite 21 resulted in compressive residual stresses close to 
the interface of cladding and base material. As can be derived from figure 6a to 6d the amplitude of stress is higher 
the higher the feed velocity is set. Depending on the feed velocity, estimated mean stress within the cladding 
accounts to about 0 MPa in axial to about 100 MPa in radial direction. Residual stress distributions are 
homogeneous along the process trajectory as can be seen comparing figure 6a with 6b as well as 6c with 6d. The 
developing of residual stress in the three principal axes is qualitatively identical. 
Contrary to the findings for high-alloy steel laser cladding of low-alloy steel 42CrMo4 with Stellite 21 resulted in 
tensile residual stresses close to the interface of cladding and base material. Independently of the feed velocity, 
figure 7a to 7d show qualitatively similar stress distributions from the center to a position of about 2.5 mm. Within 
this interval residual stresses are close to 0 MPa and develop to weak compressive residual stress of about -100 MPa 
towards the outer. In specimens cladded with 1 m/min compressive residual stresses in the three principal axes can 
be determined up to a position of about 4 mm which then increase to tensile residual stress of more than 300 MPa in 
tangential, direction. Estimated mean residual stress within the cladding accounts to about 100 MPa in axial 
direction and 50 MPa for radial and tangential direction. The residual stress distributions are homogeneous in 
42CrMo4 cladded with 1 m/min along the process trajectory as can be seen comparing figure 7a with 7b. 
In steel 42CrMo4 cladded with a speed of 4 m/min, figure 7d-A and 7d-B, from a position of 2.5 mm to 4.5 mm 
the residual stress situation changes from compressive to tensile residual stress of up to 200 MPa. At the interface 
highest residual stress is measured at position B in axial direction. The estimated mean stress within the cladding 
accounts to around 0 MPa. At elevated speed the residual stress distributions in 42CrMo4 are qualitatively similar 
along the process trajectory as can be seen comparing figure 7c with 7d. However, the stress amplitudes close to the 
material interface differ in a way that low stress values are evaluated for position A and high stress values are 
evaluated for position B. 
Laser cladding of low-alloy steel 42CrMo4 of the given specimen geometry with Stellite 21 at a velocity of  
4 m/min and a fixed laser power of 3850 W resulted in an inhomogeneous stress distribution along the process 
trajectory, figure 8. In position A stresses in the principal axes are compressive. Towards the surface the shape is 
similar as observed in temperature controlled cladding at the same velocity whereas the sign of stress remains 
compressive within the base material. In position B the shape of the distribution is similar to the one observed in 
temperature controlled cladding at a velocity of 1 m/min, whereas the tensile stress amplitude towards the material 
interface stays below 200 MPa. Estimated mean residual stress shows a maximum of about 150 MPa in axial 
direction on position A. On position B estimated mean stress accounts to around 0 MPa. 
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Fig. 5. Metallographic cross sections of laser cladded steel specimens, (a) AISI 304-1; (b) AISI 304-4; (c) AISI 4140-1; (d) AISI 4140-4;  
(e) AISI 4140-4CP; (f) AISI 4140-04AN, materials and parameters according to table 2, cladding direction from left to right. 
 a) AISI 304-1, position A b) AISI 304-1, position B 
 
 c) AISI 304-4, position A d) AISI 304-4, position B 
 
Fig. 6. Steel X5CrNi18-10 cladded with Stellite 21 at controlled temperature (a) and (b) velocity of 1 m/min; (c) and (d) velocity of 4 m/min. 
Residual stresses resulting from laser annealing of the initial residual stress state given in figure 7 are shown in 
figure 9. It can be observed that the stress situation up to a position of about 3.5 mm is nearly identical to the 
distribution evaluated for temperature controlled cladding at a speed of 1 m/min as well as for 4 m/min. Towards the 
surface the residual stress distributes similar to temperature controlled cladding with 1 m/min. On the interface a 
stress maximum of 200 MPa can be evaluated on position A and of more than 300 MPa on position B in radial 
direction. On these positions stress in tangential and radial direction accounts to similar values as measured in figure 
7c and 7d. Estimated mean stress in the cladding is close to 0 MPa on position A and B, where position B tends 
towards compressive stress. 
Deep rolling of steel 42CrMo4 previously cladded at a speed of 4 m/min results in the residual stress distributions 
shown in figure 10. Stress within the core of the base material shows tensile residual stress with an amplitude of 
more than 400 MPa in axial direction, where highest values are evaluated on position B. In radial and tangential 
BIAS ID 141580 
BIAS ID 141581 
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direction tensile residual stress accounts to about 200 MPa. On position A the amplitude develops to lower values 
from about 3.5 mm on and on position B from about 2.5 mm on. On both positions radial and tangential stress drops 
to low compressive stress towards the interface of base material and cladding. The axial residual stress in position A 
remains at about 150 MPa in tensile direction and in position B drops to -100 MPa. The estimated mean residual 
stress in the cladding shows a maximum of -300 MPa in position A and -250 MPa in position B in axial direction. In 
both positions radial and tangential residual stresses account to -100 MPa to -150 MPa. Qualitatively, the 
distribution along the longitudinal specimen axis is highly homogeneous.  
 
 a) AISI 4140-1, position A b) AISI 4140-1, position B 
 
 
 c) AISI 4140-4, position A d) AISI 4140-4, position B 
 
 
Fig. 7. Steel 42CrMo4 cladded with Stellite 21 at controlled temperature (a) and (b) velocity of 1 m/min; (c) and (d) velocity of 4 m/min. 
It is anticipated that residual stress in the cladding close to the surface was influenced by grinding towards 
compressive stresses. Previous findings for steel published by Koehler et al. (2012-b) indicate that this is only the 
case for the upper 100 μm. Nevertheless, a certain amount of relocation of residual stress can be expected within the 
cladding. Within the neutron diffraction analysis the gauge volume closest to the work piece interface between base 
material and Stellite 21 was partly placed outside the base material. Corrections of the believed small spurious 
strains, based on the present analytical model developed by Saroun et al. (2013) and used instrument setup, will be 
carried out when adaption of the analytical model for interfaces is completed. These small spurious strain 
corrections will be published elsewhere and will not reduce the quality of the herein presented findings.  
5. Discussion 
Peak temperatures measured through the processing head by ratio pyrometer and temperature measurements 
taken by the Pyrocam in the processing zone showed deviations of more than 250 °C. It is anticipated that this is 
caused by the dichroic mirror of the processing head partly attenuating one of the two measurement wavelengths of 
the ratio pyrometer. Despite of adjustment of a ratio weight factor on basis of a reference heat source (tungsten 
filament) heat radiation of the process zone is interpreted to be at a lower temperature than determined by the 
calibrated Pyrocam. Nevertheless, the temperature control enables an adaptive heat input avoiding local overheating. 
BIAS ID 141582 
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The observation within the temperature field evaluation that the cooling time of the melt pool trail of laser 
cladded high-alloy steel X5CrNi18-10 at a speed of 1 m/min is longer than of low-alloy steel 42CrMo4 can be 
traced back to the respective thermo-physical properties. In literature it can be found that the thermal conductivity of 
X5CrNi18-10 is lower than of 42CrMo4 of more than a factor of 2 whereas specific heat capacities are comparable. 
On the contrary, during higher speed cladding at 4 m/min high-alloy steel seems to cool down quicker than low-
alloy steel. Yet, comparing the peak temperature curves in figure 2b and 2d it can be determined that the specimen 
were cladded at different laser power levels. On high-alloy steel about 3300 W and on low-alloy steel about 3400 W 
were set by the controller leading to slightly different constraints for cool down. 
 
 a) AISI 4140-4CP, position A b) AISI 4140-4CP, position B 
 
Fig. 8. Steel 42CrMo4 cladded with Stellite 21 at fixed laser power and velocity of 4 m/min. 
 a) AISI 4140-04AN, position A b) AISI 4140-04AN, position B 
 
Fig. 9. Steel 42CrMo4 cladded with Stellite 21 at controlled temperature, velocity of 4 m/min and subsequent laser annealing. 
 a) AISI 4140-4DR, position A b) AISI 4140-4DR, position B 
 
Fig. 10. Steel 42CrMo4 cladded with Stellite 21 at controlled temperature and velocity of 4 m/min and subsequent deep rolling with 1 kN. 
BIAS ID 141585 
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Generally, compared to fixed power cladding highly homogeneous residual stress distributions could be 
evaluated for the temperature controlled processed specimens along the longitudinal specimen axis (position A and 
B). This effect is suspected to be based on the adaptive process approach by peak temperature control.  
Nevertheless, from the cross sections of low-alloy steel, especially from figure 5c and 5e, an increased heat affected 
zone can be observed along the process trajectory and longitudinal axis of the specimens. Obviously the adaptive 
processing could not avoid heat accumulation in the specimen, which led to a certain drift of the residual stress state 
along the cladded specimen waist. This effect could be observed within all considered process types. 
6. Conclusion 
Process parameters applied for laser cladding as well as thermal and mechanical post-treatment proved to 
influence resulting residual stresses in steels. For both investigated steels it can be found that residual stresses of the 
three principal axes show qualitatively similar distributions. Constant peak temperatures along the process trajectory 
are appropriate to realize a highly homogeneous residual stress situation along a part. In the presented study this 
could be realized by temperature control based on ratio-pyrometric temperature measurements. 
The emissivity compensated monitoring of induced temperature fields by the IMS CHIPS Q-Pyrocam provided 
enhanced process information in terms of temperature gradients. Within a wide span of applied laser powers and 
feed velocities these could be evaluated despite of scattered and reflected heat radiation on surrounding objects. 
Depending on steel grade, processing and post-processing strategy, highly diverse stress situations result for the 
respective combinations. In as-cladded steel X5CrNi18-10 (AISI 304) compressive residual stress towards the 
specimen surface can be evaluated, where its amplitude is depending on the applied processing speed. Within the 
cladding the balance of stresses to zero indicates a mean stress of about 0 MPa. In as-cladded steel 42CrMo4 (AISI 
4140) tensile residual stresses towards the specimen surface result independently of applied processing speed. In 
thermally post-processed condition by laser annealing a residual stress situation comparable to the as-cladded state 
after applying moderate speed can be evaluated. Within the study only in mechanically post-processed condition by 
deep rolling a significant impact on the residual stress situation in low-alloy steel can be determined. This method 
leads to an increase of tensile residual stress within the specimen core and, estimated by the balance of stress, 
compressive stress within the cladding, having a maximum in axial direction of more than -200 MPa. 
Within subsequent investigations it is to be quantified in how far the induced residual stress situations can 
influence resulting fatigue properties of specimens as well as complete components. 
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